Introduction

Metabolic acidosis increases alveolar ventilation
(VA), thus lowering both alveolar and arterial COz tension. This response can be described by the 'in rim 95% confidence bands' of the relationship between arterial COz tension (Pa,co2) and blood pH or plasma [HCOs-] (Elkinton, 1966; Albert, Dell & Winters, 1967 Fulop, Dreyer & Tannenbaum, 1974) . For several reasons, such descriptions have usually been limited to cases with arterial blood pH (pH,) > 7-10. First, pH. c 7.10 is not common in uncomplicated metabolic acidosis. Secondly, Kety, Polis, Nadler & Schmidt (1948) found that ventilation in diabetic ketoacidosis was maximal in patients with pH. between 7.0 and 7.1, more severely acidaemic patients having somewhat lower ventilation with slightly higher Pa,coz. However, our recent study (Fulop et al., 1974) did not suggest such a trend. It is noteworthy that of the four patients of Kety et al. (1948) with submaximal hypocapnia, three (MG, AD and MO) were hypotensive and the fourth (FR) was hypothermic, conditions that might be associated with acute lactic acidosis coexisting with their ketoacidosis.
To assess further the ventilatory response during severe metabolic acidosis, arterial blood gas tensions and pH are described in forty-five additional patients with initial pH. below 7.10, and combined with twenty-two previously reported cases of ketoacidosis (Fulop et al., 1974) with pH, below 7.10; in thirtythree of these sixty-seven episodes pH. was below 7-00. Plasma [lactate] was measured in thirty-nine cases.
Methods
Patients
There were forty-five cases of diabetic ketoacidosis, ten of phenformin-associated lactic acidosis and twelve of metabolic acidosis due to various other causes, including acute-on-chronic renal failure (seven episodes), shock (three), and methanol and ethanol intoxication (one each). Patients with pulmonary insufficiency or pulmonary oedema were excluded. The forty-five episodes of diabetic ketoacidosis included all those whose blood pH was below 7.10 from 170 consecutive episodes treated over a 3 year period. They were classified as 'complicated' if other disorders were present that might affect pulmonary ventilation or acid-base status. All uncomplicated cases had a systolic blood pressure of at least 100 mmHg and arterial oxygen saturation of at least 90%, and none had clinical shock. The clinical diagnosis of shock depended mainly on evidence of intense vasoconstriction (severe pallor and oliguria), which was usually, but not invariably, accompanied by hypotension. The twenty-two other episodes of severe metabolic acidaemia included virtually all such patients admitted over the same 3 years who were not moribund on arrival. Although many of them also had diabetes mellitus, and sometimes mild ketosis, their acidaemia was usually due mainly to lactic acidosis (sometimes associated with phenformin therapy), or to renal failure.
The patient's state of consciousness was graded as described by Fulop, Tannenbaum & Dreyer (1973) . Those who were unresponsive, or only barely responsive and disoriented, were designated 'unconscious'.
Methods
Arterial blood was taken before treatment, and analysed as reported previously (Fulop et al., 1974) . The rectal temperatures in most patients were between 36 and 38"C, the small corrections for the effect of temperature on pH and Pa,coz measurements being made only in cases with temperatures outside that range.
In thirty-nine cases heparinized arterial or venous blood was centrifuged for 3-5 min, and an aliquot of plasma was stored at -20°C until analysed for lactate by an automated enzymatic procedure (Antonis, Clark & Pilkington, 1966 The data are shown in Figs. 1-3 , together with the previously described 95 % confidence band for the relation between log Pa,co2 and arterial blood pH (Fulop et al., 1974) . The reasons for using this semi-logarithmic formulation will be discussed below. Fig. 1 shows the data for our original twentynine cases of uncomplicated ketoacidosis (Fulop et a] ., 1974), and tbe subsequent seventeen with pH. < 7.10. Almost all'the latter points lie within the originally described confidence band. Most of the cases with pH. c 7.10 had Pa,co2 < 2.67 kPa (20 mmHg), and most with pH. < 7-00 had Pa,coz < 2.00 kPa (15 mmHg). Fig. 2 shows the findings in seventeen other episodes of diabetic ketoacidosis with definite or likely complications, and in the ten with phenforminassociated acidosis. The previously reported cases of ketoacidosis (Fulop et al., 1974) are also included. The extensions of the confidence bands in this and the other Figures are shown merely for approximate background (see below). In ten episodes the data fell above the band, and some relevant findings in these cases with 'submaximal hypocapnia' are shown in Table 1 . Seven of the ten patients had shock on arrival, and an eighth developed shock within an hour. Seven of the nine who were hypocapnic (and hence hyperventilating) nevertheless had Pa,oz < 13.33 kPa (100 mmHg), and seven of the eight in which Sa,oz was estimated had values <90%. Fig. 3 shows the findings in the twelve cases of metabolic acidosis due to miscellaneous causes. Arterial CO, tension fell above the confidence band in four, three of whom had shock on arrival and the fourth developed shock within an hour (Table 1) . Factors other than the severity of acidaemia that P20.2). Fifteen of the sixty-seven patients were might have influenced the ventilatory response to unconscious, but only eight of these fifteen had metabolic acidosis were age, state of consciousness Pa,co, above the confidence band. Conversely, of and nature of the acidosis. The average age of the the fifteen patients with Pa,coz above the confidence patients with Pa,coz above the confidence band was band, only eight were unconscious, and a ninth 49.4 years (SD 22@, not significantly different nearly so. Therefore submaximal hypocapnia and from that of the other patients, 41.8 years (m 21 -6; unconsciousness were not closely associated. Seven of the eight unconscious patients with submaximal hypocapnia had shock on arrival, and the eighth developed shock within an hour. Ten of the fifteen patients with Pa,co2 above the confidence band had shock initially, and two others within an hour. Ten of the fourteen whose Pa,02 was estimated before administration of oxygen had values 1 1 3 . 3 3 kPa (100 mmHg), despite hyper- only slightly elevated, 1.7 and 3.9 mmolll, but the other seven had values between 9-6 and 36.7 mmol/l.
The mere presence of lactic acidosis, however, was not invariably associated with submaximal hypocapnia. Ten other patients with plasma lactate above 10 mmol/l had Pa,co2 values within the confidence band ( Table 1 , and Fig. 2 and Fig. 3 ).
In contrast to most of the cases with submaximal hypocapnia, only four of the ten with 'appropriate' hypocapnia had existing or imminent shock, and eight had Pa,oz > 13.33 kPa (100 mmHg). In twentyone cases of ketoacidosis with Pa,co2 within the confidence band (fifteen uncomplicated and six complicated) average arterial plasma lactate was 3-3 mmol/l (SD 1.7). The data in seventeen additional patients with uncomplicated severe diabetic ketoacidosis closely fit our previous findings (Fig. 1 ). All these patients had symptoms, often including hyperpnoea, of at least 24 h duration. Although this did not assure stability of vA and Pa,coz, clinical considerations precluded further pretreatment observations. The findings in most of the other cases of severe metabolic acidosis (Fig. 2 and Fig. 3 ) also fell within the previously defined confidence band, but fifteen had Pa,coz values above the confidence band.
To simplify discussion, all those fifteen cases will be considered together, even though several had Pa,coz only slightly above the confidence band.
Thirteen had existing or imminent shock, acute hypoxaemia, or both, disturbances that can cause tissue hypoxia and fulminant lactic acidosis (Huckabee, 1961; Tranquada, Grant & Peterson, 1966; Oliva, 1970) . Indeed, plasma lactate was above 9 mmol/l in seven of nine cases in which it was measured ( Table 1) . Lactic acidosis was not always associated with submaximal lowering of Pa,coa, however, as ten other patients with comparably severe lactic acidosis and acidaemia had 'appropriate' hypocapnia ( Table 1) . Only four of those ten had shock, and one other had moderate hypoxaemia.
The magnitude of hypocapnia was unrelated to age and state of consciousness. However, the role of severity of acidosis is more difficult to judge.
That factor cannot easily be quantified (Schwartz & Relman, 1963 ; Kappagoda, Linden, Snow & Stoker, 1973; Lancet, 1974) as the value of Pa,coz affects all indices of the 'metabolic component' of blood acid-base status (including calculated plasma [HCO,-I) that are not 'corrected' to a fixed Pa,coz of, say, 5.33 kPa (40 mmHg). The very low pH in some patients with Pa,coz above the confidence band need not mean that their submaximal hypocapnia was due to this severe acidaernia, for this acidaemia was in part a result of their submaximal hypocapnia; that is, had Pa,coz been 'appropriately' lower, pH, would have been higher. Apart from that consideration, there was no close relation between severity of acidaemia and occurrence of submaximal hypocapnia. Of the twentytwo cases in Fig. 2 and Fig. 3 with pH. ~7 . 0 , although eight had Pa,coz >2-67 kPa (20 mmHg), ten had Pa,coz < 2.00 kPa (15 mmHg).
The use of Pa,co2 as an inverse index of VA requires that there be equilibrium between metabolic production and pulmonary excretion of COZ, and near-equality of alveolar and arterial C02 tensions (Comroe, Forster, Dubois, Briscoe & Carlsen, 1962) . The first assumption may not be valid during acute severe metabolic acidosis (such as fulminant lactic acidosis due to acute tissue hypoxia) as COZ production may then increase (Peters & Van Slyke, 1946) , at least transiently, resulting in less decrease of Pa,coz for a given increase of vA. Thus submaximal hypocapnia cannot be definitely equated with correspondingly submaximal hyperventilation in patients with severe acute lactic acidosis in an unsteady state. Also, the confidence band used for the comparison was derived from data in patients with less-rapidly evolving diabetic ketoacidosis (Fulop et al., 1974) . Therefore, even if submaximal hypocapnia in the patients with lactic acidosis from acute tissue hypoxia did reflect equivalent submaximal hyperventilation, this may have resulted from insufficient time to develop the maximal increase of vA.
The reasons for presenting the data in terms of the measured variables, arterial blood pH and Pcoz, have been discussed elsewhere (Bone et ai., 1974; Fulop et al., 1974; Howorth, 1974; Fulop & Fulop, 1974) . Arterial COZ tension was plotted on a logarithmic axis because, as well as fitting our own data weII, this formulation better fitted the data reported by others than did a rectilinear Pa,cozpH relation (Fulop et al., 1974) .
Treating blood as an 'independent variable', and Pa,co3 as a 'dependent variable', oversimplifies their complex inter-relationships, and this would also be true if calculated plasma [HC03-] were used as the independent variable. Also, extending the confidence band beyond the data range ( Fig. 2 and Fig. 3 ) may be invalid physiologically, as well as statistically. Thus in the uncomplicated cases (Fig. 1) Pa,coz seemed to reach a plateau between 1.33 and 2.00 kPa (10 and 15 mmHg) in cases with blood pH below 7.0. This probably reflects the inverse relation between Pa,co, and vA (Comroe et al., 1962) . In a steady state, an increase of PA from a normal value of 4 l/min to 8 I/min will halve Pa,co2, from 5-33 to 2.67 kPa (40 to 20 mmHg). However, a 4 I/min increase of VA in an already hyperventilating patient with Pa,co2 1.33 kPa (10 mmHg) (corresponding to VA 16 I/min) would only lower Pa,coz to 1.07 kPa (8 mmHg). Also, in extreme metabolic acidaemia, as Gray (1946) suggested, the hypocapnia caused by compensatory hyperventilation may itself limit the hyperventilation.
Patients with pulmonary oedema or obstructive lung disease, who might have respiratory as well as metabolic acidosis (AbermTL & Fulop, 1972) , were excluded from this study. Apart from such cases, our findings indicate that hyperventilation is well sustained in severe metabolic acidosis except when there is acute tissue hypoxia. Then, hypocapnia may be less marked than if the metabolic acidosis had evolved more gradually, as in diabetic ketoacidosis. One explanation for that difference may be that some patients with acute tissue hypoxia have not had sufficient time to achieve maximum hyperventilation in response to their metabolic acidosis. Another possibility is that their apparent submaximal hyperventilation reflects parallel failure of circulation and respiration.
